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C~ARISOit OF PREDICXED ANO MtAUJRED PULSCHOLUNN PEOFILX5 AND INVENTORIES

C. A. OSTZNAK
Lom Alamoa Nmtiorul hboratory
L-on Almos, hV *XiCO 87545, USA

(505) 667-3382

ABSTRACT

Nuclonr mmtarfmls accountl~ and procmac control

in fuala raproceaalng plants can be improvod by
n~ar-raal-timz ●atiution of tho in-procoms in-
vantory in solvont-extraction contactorc. Em-

pori~ntal otudiem ~re conductod en pilot- and
plmnt-acmle pulnad columns by Alllad-Cmn@ral

Nuclear Sorvicoo (ACNS), ●nt tha ●xtoaslve ura-
nium concentration-profilt and Invmntory data
wera ●nalyzad by Los Alamoa ●nd ACNS to dsvalop

and ●valuats dlf’oront pradictiva invantory

techniques. Preliminary comparluona of pr9-

dlctad ●nd ●aanurad pulred-column profiloo snd
invontorlom mhow pr~mlse for u-ins thtct pradlc-

tlva tochniquaa to lmprova nuclear mmtarialc

●ccounting ●nd procaso control in fumla r~proc-

•ooin~ planto.

1. INTRODUCTION

A. Mck&round_ . . . ---- —

Roprocao~ln~ planto cononly uaa tha Purax

solvent-axtractlon procamm for tha ■apiration

and purification of uranium ●nd plutonium from
●pant nuclear fualo. Thrco typas of nolv@nt-

●xtractlon contactoro that typically ●rc ●m-

ployod In thlm proc9mm ● re ■laar-mattlaro,
pulnod columns, and c~ntrifugal contactnro. ?0 r

aqual procama throughput, mlaar-fiattlara ●nd
puls~d columns gol,arally contsln ● oubotantimlly
lmr~or invantory of nuclear ●aterials than do

cantrifutal rontactorn.

Safo~uards atudics~-b show that ●ctiwt-
ifta contactor invantory to 3-1OX or bottcr will
provid~ ●ccmptalilc s-nmi:ivity to dctoct ohort-

rerm lommmm of nuclenr matarialo in r*procem9ing
plantn. (Ovtr lonmar -ccountln~ p@riodc, cal-

umn-invantory unc~rtainty has ● cmallar ●ffect
● B throughput-aiurcmont ● rrora ●ccumlatam)
Tharoforo, bnth nrwrd-structiva aoaay t~chnlquoo
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●nd ltradicciv~ tachniquas bznad on computarizad
chamical modmls, smpirica! algorithms, and proc-

● ns monitoring irratrumantation arm bing deval-

opad ~nd ●vmluatmd for contitc?or invantory asti-
Utioll.1-lo

B Currant Stud~—

Pi!.ot- and plant-scale pul,led-column stud-

i~s wmru ●ponmorad by tho Los ,Alamos Nation#l

Laboratory ● t the Alllcd-tinarai Nuclaar Smr-

vicoo (AGNS) facllitito ● t Sarnwell, South
Carolina. Thm Pilot-ncala ●tudy,g comprimin~

15 mats-tl’ansfar tests ualng unlrradiat.d natu-

ral uranlmt ● m tho nolutg, wm. daol~~nad to in-
vasti~ata pulnsd-colmmn conccntratio,n profllac

●nd lnvantoriao for variouo ntamdy-mtntc opcrat-
1ng condition. Both ●xtrsction/scrub ● nd
atrippin~ puload columns vmra uoad tu ●lwlata
runs In the llrnt uranium-plutonium cyc!a, ●oc-
onrl uranium cycla, ●nd ●ccond ●nd third pluto-
nium cycle- unfier coproceooin- Purcn conditlona.
In all pilot-scale runs, ●amplaa wera tahan from

●loru ●ach ●tatdy-#ttite pulmad column to ●oti-
uta the uraniuit concontrmticn profllaa. A\lmo,
a fou column- umrc drmlnmd anu ●nalynd for urn-

nium to asDcfit d,lffarant ●mthods for ●stlMring
pulmod-column lnvantory. Slmllarly, oavaral
plant-acala pulncd col,,mnt wmra drainrd mnd

●nalymd for ural)lum lIva tory in connacti~n
3with tho 1980-81 ■inirunal per formad in tt, m

second and third ~,lutonlum cycloa of tha AGN.;
Barnwoll facility.

11, PILOT-SCALE EXPEMIMENTAI, IXJUIPHENT, PROCE-

DIIRES, AND CONL’ENIRATION PROFILES
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cmtral, l/4-in .- (6m)-diewter stainle6a-

‘? I steel tie rod.

Fig. 1. Sampler locations slm-i~ tbe 1A, lBX,
●nri lBS pilot-scale puloed culumna.

(Adapted from Ref. 9.)

lBS, ● rrc lBX) ohown in Fig. 1 cnd auxilisry
equipment includiug pumps ●nd rtainless-steel

faed, prf,duct, ●nd waate tanka. The 2-in.-

(50-mm)-diameter 1A extraction/~crub pulced
column (used for runs HS-1 through HS-6, 2D-i

through 2D-3, 2A-1 through 2A-3, ●nd 3A-1

through 3A-3) w-- 26.5 ft (8.15 m) high, with ●

1owe: working (extraction) Section o“ 13 ft

(3.96 m) ●nd ● n Ilpper (ccruhbing) tiec ion of
9.3 fc (2,8 ❑), The 3-in.- (75-mm)-diamn tr ltkX

titripping pul-ed column (uoed for runo Hs-1
through HS-6, 2t)-1 through 2D-3 , ●nd 2A-1

thr[,ush 2A-3) van 22 ft (6,71 m) high, <itl, ●

wnrkirrg #action of 17 ft (5.20 ●). The 2-in.-

(Stl-nm)-diamater lBS *tripping pulced column

(uoed for runo 3A-1 th..ouah 3A-3) wan 23 ft

(7.02 m) hiuh, with ● working aact{on of 18 ft

(5.49 ● ).

All three pulnad columns had atainleas-

ote~l notcle plat?~ with 23X free aurfacc ●rea,
l/8-in. (3.2-inn) plate or{ficc diameter, and

Each puload column ●lao had ● 6-in.-
(150_)-dia~~ar top and bottom disengaging

●ection made of glans. Tke top diaengnging

section was vent~d, ●nd tha bottom disengaging

section wao connected to ● bellows-type pulter.
The ●queoua/orgsnic intarface wan controlled
●utomatically in the bottom disengaging nection

of the 1A pulsed COI..JMM ●nd in the top disengag-
ing section of the lBS ●nd lBX pulsed columns.

Control of the interface wan accomplished using
two titanium conductivity probec to regulete ● n

●ir-op~ratad, ctainlesa-oteel control valve at
the ●queoun-phase outlet line.

All three pulsed columrra were provided with
several IIranium concentration aamplera. The 1A

pulsed colmn had il ●amplera ●long its working
section (5 for the scrubbing section and 6 for

t+e ●xtraction section). Tha IBS ●nd lBX pulsed
columns had 6 ●nd 7 samplcra, respectively.

Sampler locationa for ●ll thrae columns and
distancea between ●djacent oamplera ara shown
in Fig. 1. Aqueous ●nd organic camplera were

each made of #tainJeaa-steel tubing having ● n

insida diameter of %1/8 in. (3 mm). The organic
#ampl@r inc!uded ● tubular end piece ❑ade of

leflono

The fond preparation tank conaiated of ●

500-gal. atainleaa-steel vecse~ ●quipped with ●

mechanical ●gitator, cooling-heating jackat ,

tight glaae, and temperature ●nd preaollre in-

strumentation. Connections ware provided for

onmple taking ●nd for liquid ●nd ●ir inlet ●nd
Outlut. All f~ed tank- ●nd product ●nd waste
raccipt tanka were provided with ●ight glassaa,
liquid ●nd ●ir inl~ta ●nd outlete, vacuum and

aamplcr connect ion., ●nd ●ssociated piping,

Feed flow rateo wera controlled by calibrated

dicplncement pump-.

B. ?rocedurea. . . -.— .. . .. —-.

Iir.cn piiot-~calt ●xperimrntal run includad

two pu]eed columns in ●~riea: (1) a center-fed
exttactiort/ocrub column with ●n aqu~oue feed ;

●nd (2) ● stripping column into which the nr-

ganic product from the top of the first column
enta:ed the bottom and wac ~trippod of {te ura-

nium by tne •q,i~oua stream entaring the top.

Tk, rxp~rimanta were deo{gnnd to obtain detailad

●quaobo ●nd org~nic concentration profilae,

fractional pheae voluma~, ●nd tha urenium inven-

tory in ●ach taoted column. Tbe operating con-

dltiono for the pilot-ocale pulsed columns ● re
shown I,n Table 1.
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?IWY-SCAX.S Pm.sn-r,oLuw oPlrsATItw Cofmvxoxs (sows m-l 2SXMXW 2A-3)

?1OWht. U Corrcmcmtioa ttM03 Cancwmration DisWrsad *OC rioldup~
(Ulmln) (1/1 ) (n) (x) Pul*m-. ——

Pr*qu* Cy Amplitude
?rocaan Column ~unb 2AS 3A? lAS 3SX lAS 3A? 3AX 19x 3AS MS 3AX 1SS Xtxtraction ~ Strippia~ (rein- ) (m)1

-—— ——— ——. ——— ——. —

Cxtrsction/ M(u) M-1 00165 105O -- 0.0 273. J 0.0 - 2.97 2.44 0,0 -
Scrub fls-z so 145 1050 -- ($.0 273.3 0.0 - 2.97 2.44 0.0 -

h.1-3 80 130 1030 -- 0.0 273.3 0.0 -- 2.97 2.44 0.0 --
US-4 1:0 2s.%1030 - 0.0 278.2 0.0 - 3.0 2.47 0.0 -
Ss-s 150 330 1050 -- 0.0 27s.2 0.0 - 3.0 2.47 0.0 -
IIS-6 150 350 1050 — 0.0278.2 0.0 - 3.0 2.47 0.0 -

2D(14! 2D-1 145 310 1050 -- 0.0 272.6 0.0 -- 0.01 2.3 0.0 --
20-? 145 310 950 - 0.0 272.6 0.0 -- 0,01 2.5 0.0 -
20-3 143 310 900 - 0.0 272.6 9.0 -- 0.Ol 2.5 0.0 --

2A(1A) 2A-I 104 650 280 - 0.0 2S.3 0.0 — 1.0 3.o 0.0 -
2A-2 104 650 200 -- 0.0 25.3 0.0 -- 1.0 3.0 .),0 --
2A-3 104 650 240 - 0.0 25.3 0.0 - 1.0 3.0 0.0 -

3A(2A) 3A-1 100 4CQ 260 -- 0.0 41.S 0.0 -- l.tI 3.0 0.0 --
3A-2 100400 200 - 0.0 41. s 0.0 - 1,0 3.0 0.0 -
3.t-3 100 ●DO 230 -- 0.0 41.8 0.0 -- 1.0 3.0 0.0 --

Strtppin~ lC(lSX) Rs-1 -- — - 1300 — -- -- 0.0 - -- - 0.0
HS-2 -- -- - 1300 -- -- -- 0.0 -- -- -- 0.0
W-3 -. -- - 1300 -- -- - 0.0 - -- -- 0.0
IIS-4 -- -- -- 1290 -- -- -- 0.0 -- -- -- 0.0
K3-5 -- -- -- 1300 -- -- -- 0.0 - - -- 0.0
us-b -- -- -- 1300 -- -- -- 0.0 -- -- -- 0,0

21t(lsx) 20-1 -- -- -- 1130 — -- -- 0.0 -- - - 0,0
20-2 -- -- -- 1130 -- -- -- 0.0 -- -- -- 0.0
20-3 -- .- - 1130 - -- -- 0.0 - - -- 0.0

2S(1SX) 2A-1 . -- . . 240 -- -- -- 0,0 -- -- -- 0.3
2A-2 -- -- - 240 - -- -- 0.0 -- - -- 0.3
2A-3 -- -- — 240 -- -- -- 0.0 - -- -- 0.3

3S(1SSF 3A-1 -- - - 260 -- -- -- 0.0 - -
3A-2 ‘- — - 260

-- 0,2
,.- -- -- 0.0 -- -- -- 0.2

34-3 -- ..- -- 260 -- -- -- 0.0 -- -- -- 0.2

15.3
1s.1
15.0
17.4
17.9
18.1
17.5
J804
17.5
26.3
27.2
26. S.
25.5
26.1
?s.7

--
--
-.

--

--

--
.-
--
-.

34.1
14.1
14.1
15.2
15.1
15.1
15.0
14.7
15.1
19.s
20,6
20.2
21.4
i2.o
21,6

.-

--

-.

-.

(10.4)
(10.1)
(11.0)

S.4
(9.7)

0.4

(%
(10.0)

13.1

(16.1)
(1494)

!5.5
(16.7)
(16.3)

83
03
33
84
84
84
84
64
S2
82
S2
S2
84
S4
84

57
57
51
60
60
60
60
60
60
72
72

;;
73
73

=dup data in parmnthamaa waro dot,rdn.d ●uperimautally; ●ll .thar holdup data uaro eaiculat~d (cm Sec. IIX.A.2).
-— _

bsun, MS-1 th,~,,sh MS-] wrt parfomd with 13 VOIZ TSP~ ●ll othar runs uaad 30 VO1: TSt. All run* Omr*t~d ●t ‘24”c.

cData on the ctrtpplns mtraam (1SS) for this coltmn ●re siv]n undar tha 1S! hwadina,

The following is s brief description of the

15 pikot-scala tests that simulated tho four
Cycle@ of the Purex :wocess, Tha fir-t three
tants (99S-1 through HS-3) simulated the 1{S and

lC pulsed coluu,nc in the first ur-nium-plutonium

cycle, ●nd used 1S vol% TBP (tri-butyl phoc-
phst~) in n-dodecane ● s tha organic phama. The
othar 12 testt, emulating the HS-lC, 70-2E,

2A-2B, ●nd 3A-3B pvlaed columns, used 30 VOIX

TBP in n-dodacana. For tests HS-1 through !1s-6,
tha YSF feed flow rtte was variad ● s shown in

Takle I to determina ito ●ffect on column con-

centration profiles. For tests simulating the
@econd uran{um cycle (“1)-2E columns) ●nd the
sacond (2A-2B columns) ●nd third f3A-3B columns)

plutonium cycl~c, the organic phasa flow rate
was veried as shown in Teblo 1. For ●ll Ceato,
tho 2-in.-diam 1A (dual proceso) pulsed column
wam uead for extraction ●nd 6crubbing, ●nd tha
3-in.-diam 1B21 COIUDM for atrippinS, with the

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

2.0
2,0
2.0
2.0
2.0
2,0
2.0
2.0
2,0
‘2.0
2.0
2.0
2,0
2.0
2.0

e-. ept ion of the last three runs (3 A-1 through

3A-3) wher. the 2-in.-dimm lBS ~tripping column
wan used.

Luring experimental runs, steadily operat-
ing positive displacement pumpr were usnd for

feeding ●ach pttlseJ column with corresponding
feed aolutiono. When the pulsed columns wera
●t or near steady ettte, ● s determin~d by uru-

nium ●ssayr of the outlet str?nms (column ●rids),
samples of aqueol*c snd organic phasac were col-

lrcted along aach column and analysed. The

results cf tnese ●nalyoea were uod to devtlop
the concentration profi)es of uranium in the
columns. Uranium conc~ntrationm were eetimated

by dt.nsimatric or titrimatric methods. The

column uranium inventori~s for .cvaral run- were

●lso ●stimatod by ●nalysing the column dumps

for the uranium in the partition-d aquaouo ●nd
or~anic phaaee.



c. Concentration Profiles

Typical uranium concentration profiloe for

the extraction/scrub ●nd ctripping pulsed col-
umns ueed in the pilot-ecale ●xperiments ● re

shown in Figs. 2 ●nd 3, respectively. For each
column profile, both ● ●ingle-phaee, org=nic

semple ●nd ● mixed-phaae, ●queoun and organic

sample were withdrawn. Becauee of mixed-phase

equilibrium following sample withdrawal, ●queo~s
concentrations obtained from sample ●natyeea
were not equivalent to the concentration ●t
the time of eample withdrawal. Therefore, to
estimate the ●ctual concentration of uranium
at the time of sample withdrawal, m method pro-

posed by Cier ●nd Hougenll was amployed.

The Cier and Hougen method ii baaed on the

following relationship between the volumec ●nd
concentration of semplee withdrawn frvm ●

pulsed column:

V(A)jC(A)t + Vice - V(A)iC(A).
1

+ Vice ,

I

(A; I -
URANIUM Concentration (@l)

Fis. 2. Typical uranium concentration profile
for tn ●xtraction/ecrut pulead column.

where C(A)t and C(0)t ●re, respectively, the

true concentratiore of ●queous ●nd organic
phasee ●t the time of eample withdrawal, ●nd
C(A)i and C(0)i ●re, respectively, the obeerved

(from analyrnes) concentration of the two
phaaab. V(A)i and V(0)i ●re, respectively,
the v>l,wtes of the aqueoue ●nd organic fractions

of tht, ettmple. From this relationship, C(A)t,
the actual concentration of uranium in the ●que-
ous phase ●t the time of sampling c-n be ●sti-

mated by measuring the other parameters of the
●bove equation. This method was used to ●sti-
mate the aqueous uranium concentration profiles
corresponding to tile organic p~ofilv$ for each

pilot-zcale experimental run. The concentration

profiles shown in Tablee II ●nd III for experi-
mental rune 2A-3 ●nd 20-2, respectively, repre-
eent the type of data collected for etch run.

III. PILOT- AND PLANT-SCALE COLUMN INVENTORIES

A. Inventory Estimation Methods

The ur~nium inventoried in the pulseti col-

umns of tha pilot-~cale experimental runs (Table

A~uCWS

-aL (0)
I ——

If;:’—”
—.—

ORGANJCfj~L_

-1 I

q!. . ..

i

..—
lJFANIUM CONCCNIRATION(Otl}

FiR. 3, Typicsl ~ren{um concentration profile

for a etrippl.lg pulaod column.
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PILOT-.!KA3,! IWWSMTXATI091 ?ROHK MTA

S3xpcrimental ILIn 2A-3

Slxtractloo/8crub C-oluw (LA)
Aquac.um Orsanie “

Lc.cacionb IJrautumc Ur*n iumc*.— —..

A-1 0.3 O.lLM 3.208
A-1 12.5 0.406 S.705
A-3 24.5 0.749 6.436
A-4 36. $ 0.9$0 4.790
A-5 A8.5 0.945 6.888
A-6 52.5 1.281 6.337
.,-7 64.5 0.736 3.598

19sd
a-l

:::
B-4
1-5

:::
A-8 76.5 0.231 2.767
6-9 88.5 0.110 0.840
A-19 105.3 0.066 0.287
A-n 129.5 0.047 0.045

m, Pig. 1,

bm. tep of th. vorkin# aoction corrt-ponds toth*

lon~t$.

cm+ wlu9m IivtO ●ra in unlto of # uranium lataa..

S.crippl~ column (11X)
Aquaoua

Z.mXt ionb Urani-c— —
0.5 1.487

18.5 2.568
36,5 3.s27
54.5 5.731
71.5 6.?32
90.5 8.021

104.5 8.805

—.—
Oraanic
urmlluee

0.561
0.723
1.014
1.3s3
1.561
1.854
2.011

TASLC 111

PILOT-SCAM CONCFJ4TXATION ?ROFILS DATA

Experimental Run 20-2

Extraction/oeru~ Celum (1A) titr@n~+C_o~u9n (lax).— ---
Aquww Oraanic

s.!.
Aquaoua Or@nice

Cacationb Urantum’ %anluuc.-— ..— ._— @ E?:”IL%”! w=’. w-

A-1 0.5 0.21; 7.841 s-l 0.5 0.063 0.00!
A-2 12. s 1.057 0.S25 B-2 18.5 0.084 0.006
A-J 24.5 :!312 9.131 B-J 36.5 0.397 O.Olb
A-4 >6.5 1.743 9.570 B-4 54.5 5.089 rJ.47b
A-5 48. s 1.8b4 9.825 B-5 72.5 9.551 1.165
A-6 52.5 2.354 9,41~ B-6 90.5 13,3>4 1, ?09
4-7 645 2.323 9.328 B-7 104.3 15.233 1.933
A-S ?6.5 2.057 n,849
A-9 88.5 1.002 b.233
A-10 IU5.5 0.059 0.899
A-11 129.5 0.WJ8 0.059

~ Sm” Fi ~-:-r

bThe top of th. w.arkins oaction corrempondn to the value nero, and ●ach rotate be unit

length.

cths valuma given ●re in units of I urbniuglmc.no.

IV) and the plant -acnla miniruns (Fig. < and

Table V) were estimn LeJ both experimentally ●nd
predictively. The experimental inv~ntory mmth-
oda included (1) the volume-concentration meao -
urc.ment (or column dump) method ueed for both

itlQ pilot- rnnd plant-scale runs ●nd (2) tht con-

centration profila--holdup maaauremant method
uotd only for the pilot -ocale runs. f’tre fir-t
method (volume-conctntrat ’on) io ttraiRhtfortiard
but provid4s no inforution ●bout tho ●ffectc
of ●aoa-tranofar ●nd hydrodynamic paremet~re on
ths inventory of ●n opetr~ting pulerd colu~.

1. Volume-Concontrar ion Meemurement.
The ‘~~v;”ni;;~e~—inuranium -—<h;-””--’” “-=’pilot e~e

pulsed columns ●nd in eeveral plant-ccale col-

umnc were actimatsJ by performing volume ●nd

concentration measurements. Experimental ura-

nium inventory data (column dumps) for the
pilct- and plant-ncale run- ● re summarized ‘.n

Tables IV and V, reop~ctively. Aftar reaching

(or ●ttempting to reach in the case of the
plar.t-ecale ●nd ●ome pilot-acala columnc) opirra-

tional rteady otate, meeaur~mente were ●ccom-

pliotbtd by ahuttint off fill pulsed cnltimn inlet
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Cnaw,d on Ieamt-aqumren flc of code-senerat. d concentration profilao to ebwarvcd data.

and outlet stremrm (at essentially the same

time), draining ●nd collecting the column con-

tent- individually in calihrtted veeoele, de-

cat,ting the organic phmse following phase sepa-
ration, ●nd ●enaying the uranium concentration

in each liquid phsse. The uranium inventory

within ● pulsed column wag ●pproximated by:

I - V(A) “ C(A) +

where
lT = total ursnium

the column,
V(A) - tOt~l VOIUW

p! lse in the
v(o) - total volume

phs-e in the

v(o) “ G(O

inventory

(1) of the

column,

.

E) in

aqueou-

(1) of”th~ orSanic
column,

E(A) - ivarege uraniumcone-tr~ti~n
(g/~) in the aqueoue phaee, cnd

t(o) = ●verage Urenium cone--’-.tion

(g/L) ir the organic phaoe.

The vol,lmc-concentraf.ion method ie consid-

●red the most r*liable but aleo the most disrup-
tive inv~ntory ●etimetion method beceuse it
requirae -hutting off ●nd draining the pule~d
column(e) of intereet. Howevar, thie method ie

useful for verifyin~ puleed-colurn inventoried
●etimated by othe. methode.

2~~ncentration Profile--Holdup Meae---._,-
urement. In thl=ethod concentration profiles
were used in conjunction wit~ .he diepereed-
phese holdup values given in Table I to estimete
the pulead-column urdnium inventories for ●ach

pilot-scale experimental rtrt. Again, the inven-

tory results are shown in Table IV. Ur*n ium
concentration profiles for both the ●queouc ●nd
orgsnic phases were measured u~ing ●everal ●am-

plers locr.ted ●long ●ach pulsed-column working
eection. The diepersad- ●nd continuous-phase
volume f~actiono, or holduot, for ●ach pulsed
column tere ●etimated ucina the following ●qua-

tion derived9 from experimental phase-holdup
data:

Xd %0.

where

Xd -
f-

85 (2fAo + &id-c)2”8,

dispersed-, haee holdu

Dulse fr~auency (eec
-y;:),

& - pulee ●mpiitud~ (cm), ●nd
&2d-c - Ud - WC, that is, the diffrence

between the dispersed- snd con-

tinuous-phaee, superficial linear
velocities (cm/e).

This ●mpirical equetion deecrib<a the sffects of
pulee velocity (f%) ●nd phase velocity differ-

ence (&Jd-c) on the diepersed-phtse holdup (Xd),
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where
IT -

v~ to v~ -

c(o) -

t(o) -

C(A) -

E(A) -

%=
w“

b-

Si9ilarly,

total ur~nium invmrtory (g) in
the column,
volumes (1) of column sec-

tions (see Fig. 3),

uranium concentration (g/L) in
the organic phase,

●verage uranium concentration
(g/L) in the organic phase of
che column working tection,

uranium concentration (S/1) in

the ●queouo phase,

●verake uranium eoncentracion

(g/~) in the ●queous phau of
the column working iection,
disperoed-phase holdup,

diameter (cm) of the column
working section, ●nd

diameter (cm) of the column

disengaging ●ection.

for the ●xtraction/scrub pulted

--

Fig. 4. Minirun flow ●heet.

it ●pplias over the range of experimental
run conditions shown in Tabla 1.

For th, dual-proceos 1A extraction/.crub
puleed column (Fig. 2) and tha ninglc-procosa

lBX ●nd lBS stripping pulsed coluuno (Fig. 3),
the concer,tration-profile ●nd dispersed-phase

holdup data wcrt uoed to ●etiemtc the uranium
inventories ● - follows. For the stripplnB col-

umne, for which the or~anic phase wac dispor.ed

in the equ?oue phe~e,

XT - VI “ C(o)l

%2
+V

2 ● (~(A)2 + Xd “ (~) [~(0)2 -~(A)2])
D

column. tor which the •queou~ ph~ee was rJ~g-

peroed in the orgsnic phame,

“ C(A)l
*T - ‘1

+V
2

“ (~(0)2 + XdE ‘ (~)2[~(A)2 -~
D

+“
3 ‘ {C(A) + Xd” [C(O) - E(A))

● V
4 “ C(A)& , 0)21 )



+V
3

● {6(0)E+xdE ● [~(A)E-~(fl )El)

+V
4 “ {~(o)~+ xd~ “ [dA)~-t(0)#

+V
5

“ C(0)5 ,

where VI to V5 ● e volumes (L) of columm

sections (tee Fig. 2), ●nd subscripts E ●nd S
decignate the ●xtraction and scrub column work-

ing sections, respectively.

Although the concentration profile--holdup

measurement method it generally more complex

●nd time-consuming than the volume-conc,?ntrztion
method , it has the ●dvantage of providing data

for relating m448-transfer ●nd hydrodynamic

parameters to the inventory of an ~eratina

pulsed column. Such data, virtually nonexistent

in the published literature, are ●ssential for
developing theoretical correlations relating

in-proceme inventory to observable proceaa

parameters ●nd for verifying contactor models.

The predictive inventory methods for both

the pilot- ●nd plant-.cale runs included (3) de-
velopment of empirical inventory estimators ●nd

(4) ‘application of the Burkhart12 pulsed-column
model. Predictive mechoda ● re uoeful for eati-

meting the inventory in m operating pulsed col-

umn $fhefI insufficient data ● re ●vailable for

estimating coIumn profiles or, in the sxtreme,

when no profile data ●re ●vailable.

3. Empirical Inventory Equationo. An

●valuation of the operating conditions and mea8-

ured uranium inventories (Tablet IV ●nd V) for

the pilot- and plant-scale runs reoulted in the
development of ●mpiricsl equ-tiono for predict-
ing the inventories in the pulsed columc

teoted.

For the piiot-accle runs, the ●mpirical
equation#9 reflect the resulto that for the

pulsed columns tested, the uranium inventory
(Table IV) is proportional to the uranium feed
rate into the column ●nd inversely proportional

to the stripping ntream fi.ow rate. The uranium

feed rate ie, in turn, a function of both the
flow ratt ●nd concentration of the feed solu-
tion. The empirical ●quationo for oredictin8

the inventoried \n the pilot-scale strippin~ &nd
●xtraction/ecrub pulsed columns ● re shown below.
The percent uncertainty listed with ●ach ●qu8-

tion below indicates tha range of relative dif-
ference betwetn the predicted ●nd weaoured urs-

nium inventoried.

For the pilot-scale lBX end lBS stripping

pulsed coluaia, which were okereted to simulate
the lC, 2E, 25, ●nd 3B columne of the Purex

process,

()‘fIT ‘b13.45vT ● ~ ● Cf , *1OY ,
●t

where

IT -

VT -

Cf -

total uranium inventory (g) in the

Columm,

total liquid volume (L) in the
column,
uranium feed flow rete (P./rein),

stripping (or extraction) flow rate

(k/rein), ●nd
uranium concentr-tlon (g/Q.) in the
feed ctream.

This equation spplies over the range of

()‘f
~“cf

- 30 to 100 g UIE

●nd ● stripping stream ●cidity of 0.0 to 0.3 ~
HN03 .

The following ●mpiricel ●quet ions were

developed from the results of the pilot-ccele

1A ●xtraction/scrub pulsed coltnun, which was
operated to cimulate the H’S, 2D, 2A, ●nd 3A col-
umnn of the Purex proceaa. For the HS column,

()‘fIT %0.44VT * ~ ● Cf ,tiz.
●t

This equetion applies over the range of

(J~.c’
F f

- 30 to >5 a L1/t

● t

●nd ● ●crubbing stream ●cidity of %3.0 ~ H:!03.

For the 2D column,

(‘f
‘T

)

%1.26VT “ ~ _ Cf - 50 &/k , 24Z ,

St

This equstisn ●ppliea o$er the range of

()‘f~“cf - 75 to 95 gu/L

●nd ● ●crubbing otream ac’iJity of 0.00 to 0.01 ~

HNOj. For the 2A ●nd 3A coluums,



This ●quation spplies over the range of

()‘f~“cf
- 55 to 85 ~ Ult

and a scrubbing ●cream acidity of 1.0 g HN03.

The empirical equations 8hown shove for
predicting uranitm inventories ● re s~cific to
the te~ted pilot-scale puleed colurnnt. The
functional form probably will be comon to other
COI14MW , but the coefficient valuea in these
equations ● re known to be ●ffected by the phys-
ical dimension of the particular pulsed columns
investigated.9,1J For exumple, * preliminary

●nalysis of the experimental operating ●nd in-
ventory data from the AGNS plant-scale miniruns

(1, 5, 6, snd 7) yielded the following ●mpirical
●quations for predictin6 uranium inventoried

(Teble V) in ~he 2A, 2B, 3A, ●nd 3B pulsed col-
umne. For the 2A (712-1 total liquid volume)
and the 3A (518-~ total liquid volume) pulsed
colums,

(‘f )IT N0.72vT . ~ w Cf - 30 B/P, .

Ot

For the 2B column (425-! total liquid volume),

()‘fIT %0.39VT . ~ ● Cf ,

●t

Finally, for the 3b column (468-g total liquid
volume),

()‘fIT %0.38VT “ ~ “ Cf .
●t

It cen be seen in these equaticno that the co-

●fficients for the plcnt-scale pulsed columne
differ frrn those for the pilot-scale columns,

mainly becnuoe of different column dimension.

Theoretical derivationo~ of the functional

form of the empiricel ●quafiona for both the

pilot- ●nd plant-ecale pulsed columns predict
the ●ame ●ffect of oolute feed rate ●nd ●trip-

pins otreew flow rete on the inventories. How-
●ver, the velid{ty ●nd rsnge of ●pplicability

of the plant-scale ●quations chould be teotod
●nd verified (a@ wre the pilot-scrnlo ●quatione)
by performing ●dditional plant ●iniruns under
●bout the ●aW operating conoitiime.

4. Burklmrt Pulsed-Colu=n Uodel. 8ev-

●rel athods for ●mulating puleed-colum opera-
tion and ●sti-ting inventory were critically
reviewed12 by L. Burkhart. the of theee, de-

veloped into ● computer code by Burkhrt ●nd
his coworkers, is considered here for illustra-

tion. In this code, ● discrete-stage model is

used, ●nd ●olute concentration profiles ● re

solved numerically via ● Newton-tbphson proce-
dure. Cslculationn ● re performed stagewiec

using finite difference ●quations that include
reection kinetic., empirical dispersed- ●nd

continuous-phaee VOIUDE relationships, ●xial

●ddy-current diffusion (or backmixing), ●nd non-
●quilibrium mess-tra~lsfer ●ffecte. The Burkhart

model can be used to simulate either ●ingle-

proceaa (e.g., stripping) or dual-process (ex-
traction/scrub) pulsed columns.

As implemented for the pilot-scale runs,
the procedure for ●scimeting column profiles

using Burkhart’s code resembles ● general curve-
fitting methodology. The maes-transfer and

backmixing coefficient, unknown but required
for input by the code, are trested ● S parameters

to be estimeted. Inventory estimates (Table IV)

can be obtained by finding the code-generated

column pro:il,: that ●grees beat (in ● least
oqveres ● ense I with the concentration profile
●pproximated from measurements taken 410ng the

column. This optimization i- performed by using

the code in conjunction with ● standard, deriva-

tive-free function minimization routine.

The ●stimeted profile of the pilot-scale
9A-3 extraction/ocrub Colum obtained un ing

Burkhart’s code ie compared in Fig. 5 with the
experimental data (“crooeea” represent the

organic data ●nd “squares” the ●queoum data).

The corresponding ●stimated ouantity of uranium

10 932 g v- the dump value of 960 b (see Table
Iv).

The same procedures were ●pplied to data

obtained from the ●tripping column of the pilot-
#tale 2A-3 experiment, which ● re chown along

wi’~h the estimated profile- in Fig. 6. The

corresponding inventory estimete is 1184 g of

urenium, no compared to a dump value of 1090 g

(see Table IV).

Analysis cf the pilot-ocele 2D-2 experi-

ment-l run followed ●ion: the same lines. Fig-

uree 7 ●nd 8 display the preoi:ted vs measured

(Table 111) uranium concentration profiles for
the extraction/scrub snd otripping columns, re-

spectively. The inventory ●stimata correspond-
ing to Fig. 7 is 1609 g, ● . comparwd to ● dump

value of 1430 S. And for Fig. 8, the corre-

sponding inventory ●stimete is 1J04 g vc ● dump
vtilue of 1315 g (eee Table IV).



CmJ.ae4w 00’7. 2A-3

;

.

0

00 ,
❑

L“——__’”—‘b..“ ;

o ---------
1 130

Fi~. 5. Run 2A-3 ●xtractionfscrub column
pr-:11:--Burkhart model.

Alternatively, the concentration profiles,

●nd hence the inventories, may be approximated
by ● smooth (for exmuple, polynomial) function
determined by the observed profile data, though

this io not ●ddressed in this paper. Such ●

approach would preclude the need for ~.mplex

computer codes and detailed knowledge of column

operation, but several profile measurements (oix

or more) probably would be required for good
estimation. .

For the plant-scale miniruns, for which no

concentration profile measurement. were taken,
the predictive inventouy eatimatora, labeled in

T@ble V ● s (i) flow rate ●nd concentration and

(2) concentration, wela used in conjunction with

tha Burkhsrt model to es:imnte the column inven-
toried in near-real time. Values acsumed for

the mass-transfer and backmixing coefficient-
in the Burkhcrt model ● rc the ●vernae valueo for

the coefficients of the pi!ot-scale columno
having the most similar flow-rate ratioe, super-

ficial linear velocities, ●nd pulee vclocitiee.
The predictive inventory estimators approximated

0

❑

“

.
“

1 ma tamre !05

O%J&

Fig. 6. Run 2A-3 etripping column profile--

Burkhart model.

the puleed column inventoried by ● first-order
Taylor eeries expaneion about the steady-state

inventoried calculated ueing the Burkhart14
model for the expected run conditi~ns. For the

flow-rate and concentration-dependent estimator,

the iiret-order term, depend on ratioe cf the
meaeured concentrations, flow rat “. ●rd vol-
umee. The concentration-dependent eetimator ie

modified eo that the firet-order terme depend

only on ration of he measured concentrate.ona
snd volumes.

In general, the eatimatec of the total ura-
nium inventory ‘or all four plant–scale pulsed

columns ● re good to within 8% for the flow-rste
●nd concentration-dependent e~.<-ator ●nd to
within 30% for thr concentration-dependent ecti-

mater. However, inventory eetimates for some
individual columII* have much larser ralative
errore, with the concentration-dependent tati--

mator having ● larger negative biae in both
individu.il ●nd combined inventory ●atimatee.
T!,e ●ctual run conditions may ●ccount largely
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Fig. 7. Run 2D-2 extraction/scrub column
profile --hcrkhart model.

for the predicted VE measured icrventory differ-
ences becaune (1) pre-dump run conditions often
varied significantly from nominal conditions
and (2) the current estimator models aaaume
steady-state ope-stions.

IV. SIW4ARY AND CONCLUSIONS

Inventory estimation techniques for sol-
vent-extraction contractors ● re being d~veloped

for neor-real-time rr]clear mstariala ●ccounting
●nd proceso control in fuels reproct,sa,na
ylanto. Extensive experimental tents w~re per-
formed on ACNS’ pilot- ●nd plant-scale pulsed

columns ●nd comparisons were made of predicted
●nd mesaured uranium concmtration profilao ●nd
in-proteus inventoricn. Inventory tptimation
(or the pilot-scale columt,s wan demonstrated to

5-10% using both eli,pirical equationc couplsd
with input mcanurementa and Burkhart mod@l pre-

diction. coupled with input/output ●nd column-

prcrfil~ meaaurem?nts, I,aruer r~lative errors

in the inventory ●stimnt@a wer? obactrved for th?
plant-acal* columns, primarily because (1) un-
lik? rho p,lot-nc~le c(,lumno, theee columne

CfwAe4ex.rmr.lc-z
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Fig. 8. Run 2D-2 strippiu~ column profike--
Burkhnrt ❑odel.

operated with significant departures from otesdy

state and (2) concentration profile measurmmenta

were not tvailablo for “calibrating” the Burk-

hart model to the specific column design ●nd
operating conditions.

Though tha Burkharh model (ace Sec. 111)

haa been developed for estimating column profilo

●nd inventory basad on operating conditions
●lone, unfortunately, operating conditions ● re

ne”~er “known.” Flow rates, feed concentration,
etc. ● rc m?asured with error. Mor~ importantly,

two koy process parametero--the mass tranofar
co~fficient ●nd the backmixing coefficient--ar~

usually unknown, but neverthalat- requirad by

this model. Hence, in the sl~nence of column
profile data for npproximatin~ Lhose paramat?rc,

the accuracy of the inventory ●ltimatea gouer-

ated by this model can !re Rre~tly limited as
snown for the plmnt-ocale pulted column taatm,

Additional axperimenttl ●nd theoretical Inv@a-
tigstions ● re therefo.- nccesaary tu drnvnlop
thin or anothet’ pulcerl-column code to the puint
wher~ it doss not roquirt! thp difficult task uf

mee.luring th* c 01 umu concentration profile.



Finally, bimilar studies should be perforned to

develop predictive methods for estimettng pluto-

nium inventories.
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